Whole-genome amplification (WGA) techniques are used for non-specific amplification of low-copy 28 number DNA, and especially for single-cell genome and transcriptome amplification. There are a number of 29 WGA methods that have been developed over the years. One example is degenerate oligonucleotide-primed PCR 30 (DOP-PCR), which is a very simple, fast and inexpensive WGA technique. Although DOP-PCR has been 31 regarded as one of the pioneering methods for WGA, it only provides low genome coverage and a high allele 32 dropout rate when compared to more modern techniques. Here we describe an improved DOP-PCR (iDOP-PCR). 33
Introduction 41 Molecular analysis of limited quantities of genomic DNA (gDNA) is crucial for characterization of single 42 cell genomes, in preimplantation genetic diagnosis (PGD), in DNA forensics and many other applications. 43
Genomic DNA can be analyzed by a variety of methods: next-generation-sequencing (NGS), 44 microarrays, multiplex STR (short tandem repeat) genotyping, or parallel qPCR techniques addressing multiple 45 genomic regions. However, these analyses require a small but significant amount of human gDNA, in the range of 46 1 to 100 ng. This corresponds to 160-16000 human cells [1] and so these approaches are not appropriate to the 47 analysis of single-cell genomes. 48
For samples with limited DNA content, a step of DNA amplification could be used to facilitate further 49 analysis. Whole genome amplification (WGA) is an in vitro method to amplify gDNA and is thus useful in order 50 to obtain sufficient material for analyses of low copy number gDNA (<100 pg), the range typically found when 51 isolating DNA from single cells [1] . The current WGA techniques involve one of two approaches: isothermal 52 amplification of DNA or thermo-cycling (PCR-based) methods. Detailed descriptions and comparisons of the 53 different WGA methods can be found in many reviews [2-5] and research articles [6] [7] [8] [9] [10] [11] [12] . 54
Multiple displacement amplification (MDA) is the main method for isothermal WGA. This method uses 55 random hexamer primers and bacteriophage Phi29 DNA polymerase, which exhibits strong DNA displacement 56 capabilities [6] . 57 The main techniques used in PCR-based methods are degenerate oligonucleotide-primed PCR (DOP-58 PCR) [7] , multiple annealing and looping based amplification cycles (MALBAC) [8] and the PicoPlex technique 59 [9] . The principle of DOP-PCR is to use a single primer containing a central random sequence. DOP-PCR begins 60 with a few pre-amplification cycles at a low initial annealing temperature, facilitating random primer annealing. 61
Pre-amplification is then followed by PCR amplification of these initial DNA fragments. Currently, the best-in-62 class performance for PCR-based WGA methods is achieved with MALBAC and PicoPlex techniques. Both 63 methods are very similar [2, 3] and, in contrast to DOP-PCR, utilize different kinds of primers/enzymes for a pre-64 amplification of DNA (the library generation step) and for PCR-amplification of the DNA fragments generated 65 (the library amplification step) [8, 9] . The two-step protocols of MALBAC and PicoPlex are more labor-intensive 66 than the DOP-PCR procedure, but provide much superior WGA performance when characteristics such as allele 67 drop out rate and genome coverage [3] are considered. 68
In earlier work we reported improvements in DNA amplification by the use of SD DNA polymerase, a 69 4 thermostable DNA polymerase with a strong strand-displacement activity [13] . Here GTGAGTGATGGTAGTGTGGAGNNNNNNATGTGG -3'); 1x buffer for SD polymerase; 3 mM MgCl2; 0.25 121 mM dNTPs (each); 10 U SD polymerase and 5 µl diluted gDNA (or ddH2O for the negative control). The initial 122 pre-amplification parameters were 92°C for 2 minutes, followed by 6 cycles of: 92°C for 1 minute; 30°C for 1 123 min; ramp at 0.3°C/s to 68°C; 68°C for 3 minutes. This was followed by a PCR amplification step of 14 cycles of: 124 92°C for 30 sec; 62°C for 30 sec; 68°C for 3 minutes. The Preparation of the WGA libraries 169 We compared three WGA methods: the "classic" DOP-PCR, a more modern PicoPlex technique and our 170 improved DOP-PCR (iDOP-PCR). For this, we amplified high and low copy number human genomic DNA and 171 analyzed the obtained WGA libraries by STR-and NGS-based assays. 172
As a template for preparation of WGA libraries, we used multiple series of ten-fold dilutions of human 173 gDNA and added from 15 ng to 15 pg of gDNA per reaction, which corresponded to between 2.5 and 2500 copies 174 of human genome. For each gDNA dilution sample and each method, six separate WGA reactions were 175 performed. 176
All three methods provided a similar yield of amplified DNA (about 40 -50 ng/µl) independent of the 177 initial amount of the template (S1 Table) . 178
The WGA libraries were analyzed by agarose-gel electrophoresis (S1 Fig) test. Amplification of the low amounts of DNA template resulted in very high level of the errors, close to 100% 208 (Table 1) , whereas the high copy number template (15 ng gDNA) amplification showed somewhat better 209 concordance rates (24%) between amplified and non-amplified control gDNA. In comparison, PicoPlex generated 210 WGA libraries with better characteristics. High copy number gDNA amplification (from 1.5 -15 ng gDNA) using 211 the PicoPlex method resulted in 59 -73% concordance rates between amplified and non-amplified gDNA with a 212 lower rate of error (30 -43%). Low copy number amplification (from 15 -150 pg gDNA) resulted in 44-51% 213 concordance rates with non-amplified gDNA and a 51 -60% error rate. 214
In these experiments, the modified iDOP-PCR had a better performance than PicoPlex. High copy number 215 template gDNA amplification generated 83 -84% concordance with non-amplified gDNA and the lowest error 216 rate at 27 -28%. Low copy number gDNA amplification by iDOP-PCR resulted in 54 -79% concordance and 30 217 -50% error. (Table.1 To compare the genome coverage of single genome copies with PicoPlex and iDOP-PCR, we used the non-227 amplified gDNA sequenced at an 8× depth as the reference on the assumption this represented 100% coverage [3] . 228
The comparison was done using the total raw data of 24 Gb for each DNA sample. The raw data generated in this 229 study have been deposited in the National Centre for Biotechnology Information (NCBI) Sequence Read Archive 230 under BioProject accession number PRJNA349144 (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA349144/). 231
We have shown that the coverage of low copy number genome amplification by PicoPlex WGA was about 51% 232 (which was close to data reported previously [3] ) and by iDOP-PCR was about 61% (Table 2) . 233 234 11 235 We found that pooling the raw data from two independently obtained libraries generated by either of the 244 method (PicoPlex or iDOP-PCR) improved the genome coverage by less than 5%. However, when the raw data 245 from libraries generated by two different methods (PicoPlex and iDOP-PCR) was pooled, the genome coverage 246 increased up to 77%. This could indicate that the two WGA methods may differ from each other in which 247 genomic areas they are biased to amplify, at least partially. Thus, the results of NGS could be greatly improved by 248 using a combination of several WGA methods. 249
As well as coverage, the reproducibility of WGA is a key characteristic in single genome measurements and 250 comparisons. To characterize reproducibility, Pearson's cross-correlation coefficient of the read densities 251 throughout the genome between two repeated WGA librares was used [3] . This allowed is to show that both 252
PicoPlex and iDOP-PCR provided a high level of reproducibility, at about 98% (Table 2) . 253
Unmappable sequences are generated in the WGA process from the formation of non-template DNA 254 fragments and other nonspecific incorporations/insertions/deletions. A large fraction of unmappable reads reduces 255 the efficiency and the apparent coverage of the genome sequencing. Thus, the unmappable read rate is an 256 important characteristic of the quality of a WGA library. In our experiments, the PicoPlex kit generated 42 -45% 257 of unmappable sequences, whereas the iDOP-PCR generated only 31 -33% (Table 2) . 258
Uniformity of the genome amplification is another essential characteristic of WGA methods. Lorenz curves 259 WGA library, whereas other parameters, such as reproducibility, uniformity and CNV detection were similar for 291 the two methods. It should be noted that at the time of writing, PicoPlex is considered to be theWGA method of 292 choice when ADO, reproducibility, uniformity and CNV detection are of importance [3, 12] . 293
Practically, the greatest advantage of iDOP-PCR lies in its simplicity and cost-effectiveness, being no more 294 complex than ordinary PCR and requiring little investment in kits or reagents. High reproducibility and low ADO 295 rates indicate its potential suitability for some medical applications such as preimplantation genetic diagnosis 296 (PGD). PicoPlex and MALBAC, which are widely used for PGD, utilize two different types of primers and two 297 different enzymes for pre-amplification and amplification stages of WGA. As a result, reaction tubes in these 298 older methods are opened at least twice during WGA, reducing the ease of application to high-throughput analysis 299 and increasing the risk of cross-contamination. In contrast, iDOP-PCR utilizes one primer and one enzyme for all 300 WGA stages and does not require multiple manipulations during WGA, rendering this method more convenient 301 for practical applications such as these. 302
14
To conclude, we believe that iDOP-PCR, employing the unique DNA polymerase properties and primer 303 design, will become an important member of the WGA methods family. It provides simplicity, reproducibility and 304 robustness in applications where fast and reliable amplification of genome copies are required. 305 306 307
